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quisition techniques, the image quality can be impaired by different artifacts, potentially affecting data analysis and the shape of enhancement curves [7] .
In this study, we optimized two 3D spoiled gradient-recalled echo (SPGR) pulse sequences: a radial k-space sampling technique with k-space weighted image contrast (KWIC) reconstruction, and a conventional cartesian phase-encoding FLASH sequence. The use of radial sequences has been shown to be feasible in several DCE-MRI studies of abdominal organs and the chest [7, [9] [10] [11] [12] . The FLASH sequence has been used in MR renography studies by Bokacheva et al. [13] and Lee et al. [14] . Both acquisition techniques were adapted on our 1.5-T MRI scanner used in routine clinical procedures and were analyzed using the same postprocessing scheme.
The purpose of this study was to compare the radial (KWIC) and conventional (FLASH) 3D SPGR sequences with respect to the estimation of renal functional parameters and image quality characteristics in a sample of healthy volunteers without renal disease.
Subjects and Methods Subjects
After institutional review board approval of the protocol and receipt of informed consent, 10 healthy volunteers (four men and six women; age range, 21-27 years; mean [± SD] age, 23.5 ± 3.5 years), were included in the study. All subjects met the requirements of the local MRI safety checklist before scanning. Within a span of 10 days, each volunteer was examined by two blood tests, estimated glomerular filtration rate (GFR) from serum creatinine using the simplified Modification of Diet in Renal Disease equation [15] and iohexol GFR [16] , and each of the two DCE-MRI sequences (7 days apart). Estimated GFR measurements were performed before MRI examinations, and iohexol GFR measurements were performed between the two MRI studies.
To minimize day-to-day variations in serum creatinine levels, the participants were asked to lightly modify their diet, remain well hydrated, and avoid strong physical effort the last 2 days before the MRI scanning and blood tests. The participants were asked to copy their own regimen before each session. The erythrocyte volume fraction was also estimated from blood tests. Iohexol GFR measurements were performed by injecting 5.0 mL of iohexol (300 mg I/mL; Omnipaque 300, GE Healthcare). This was followed by a venous blood sample obtained after 4 hours. The iohexol concentration was analyzed using the single-point method (high-performance liquid chromatography analysis) and was calculated using methods described by Jacobsson [17] .
None of the study subjects used medication or had a history of renal, hypertensive, or vascular disease, and they had normal levels of serum creatinine (51-87 μmol/L). The average body mass index (weight in kilograms divided by the square of height in meters) was 23.4 ± 2.45.
MRI
MRI examinations (n = 20) were performed on a 32-channel 1.5-T whole-body scanner (Magnetom Avanto, Siemens Healthcare) with a gradient strength of 45 mT/m and a slew rate of 200 mT/m/ ms. One standard six-channel body matrix coil and table-mounted six-channel spine matrix coil were used for signal reception, for a total of 12 independent receiver elements.
The radial SPGR (KWIC) was a prototype sequence provided by Siemens Healthcare. The parameters of the KWIC sequence were optimized in a similar way to FLASH to best meet the theoretic requirements for an optimal MR renography sequence. FLASH parameters were as follows: TR/ TE, 2.41/0.87; flip angle, 12°; bandwidth, 651 Hz/ pixel; matrix, 1.66 × 1.66 mm; slice thickness, 3 mm; and time resolution, 2.8 seconds. KWIC parameters were as follows: TR/TE, 3.51/1.61; flip angle, 10°; bandwidth, 504 Hz/pixel; matrix, 160 × 160 mm; slice thickness, 3 mm; and time resolution, 2.5 seconds. Thus, it was mainly the acquisition scheme (how the data were sampled in k-space) that differed between the two measurement techniques (i.e., a cartesian and radial scheme, respectively).
Both sequences were run continuously, and baseline volumes were acquired before contrast agent injection. The FLASH sequence was run with a parallel imaging factor of 3. Despite the present radial KWIC sequence not allowing any parallel imaging, running the sequence with 148 projection views and view sharing in four subframes yielded temporal and spatial resolution close to that of the FLASH sequence.
The volunteers were instructed by listening to a CD player to hold their breath at predefined intervals during continuous DCE scanning. Volumes within the corresponding free-breathing intervals were retrospectively and objectively discarded from the image-time series using in-house software. In total, 56 (initially 156 volumes) and 55 (initially 134 volumes) breath-hold volumes were kept and analyzed for KWIC and FLASH, respectively.
A contrast media bolus of 0.025 mmol/kg (0.05 mL/kg) of gadoterate meglumine (Dotarem, Guerbet) was injected at 3 mL/s through a 20-gauge needle placed in an antecubital vein using an automated power injector (Optistar, Mallinckrodt), followed by a 20-mL saline flush. Throughout the examination, the volunteers were provided with 1 L of oxygen through a nasal cannula. Two seconds after injection of the contrast agent, the volunteers were instructed to hold their breath for 26 and 20 seconds for motion-free FLASH and KWIC imaging of first-pass perfusion, respectively.
The order of FLASH or KWIC for each subject was randomized (50/50) to avoid any systematic learning effect of breathing technique or sequential adaption to the MRI examination procedure that could potentially favor either of the two sequences. All MRI examinations and blood tests were successfully acquired and analyzed.
MR Image Postprocessing
A nonparametric automated registration method with normalized gradients as a cost function was used for kidney motion correction [18, 19] . Briefly, we applied the Navier-Lamé operator as regularizer, fixing the first and the second Lamé parameters to 5. Optimization of the corresponding nonlinear system was accomplished by fixed-point iterations, in combination with Jacobi iterations for the inner linear system. An automated regularized segmentation technique was used to estimate total kidney volumes [20] . This segmentation approach was based on Mahalanobis distance measurements from an unclassified voxel to a manually delineated mask, roughly defining kidney and background. The regularization was accomplished by minimizing the nonlocal total variation, allowing some level of irregular shapes of masks.
Tissue relaxivity values were estimated by a voxelwise linear fit to the steady-state signal amplitude equation for given values of the flip angle [21] . At each MRI session, the variable flip angle signal intensities were acquired using two 3D FLASH acquisitions identical to the dynamic 3D FLASH, with a TR of 20 ms and flip angles of 5° and 22°, respectively. The flip angle acquisitions were retrospectively coregistered with the 3D DCE-MRI recordings. The gadolinium concentration time course was estimated from the linear relations between signal intensity, relaxation rate, and relaxivity that are valid for low concentrations of gadolinium [22, 23] . For the calculation of perfusion and GFR values, we used a two-compartment model [24, 25] .
Perfusion and Filtration Data Analyses
An ROI-based two-compartment model, as described by Sourbron et al. [24] and implemented in Matlab software (version R2014a, MathWorks), was used to calculate plasma flow, plasma volume, plasma mean transit time, tubular flow, and tubular mean transit time. All measurements were corrected for the subjects' measured erythrocyte volume fraction values. The total GFR was calculated from tubular Downloaded from www.ajronline.org by Hogskolen i Bergen on 11/26/15 from IP address 158.37.32.134. Copyright ARRS. For personal use only; all rights reserved flow in the whole-kidney ROI, multiplied by wholekidney volume, and summed for both kidneys. ROIs for the arterial input function (AIF) were placed in the distal part of the aorta to avoid the remaining effects from inflow artifacts observed more proximally in the aorta. Illustrations of AIF and whole-kidney masks and corresponding signal and concentration time courses are provided in Figure 1 .
Visual Image Quality Assessment
Four experienced (> 10 years of experience) abdominal radiologists performed, independently and blinded, a visual grading characteristics analysis of 19 image quality parameters. In the visual grading characteristic analysis, the observers were asked to rate their opinion on the reproduction or visibility of certain structures and dynamics on a 5-point scale. For grading of the anatomic reproduction, the following criteria were used: 1, uninterpretable (severe blurring or severe nonhomogeneity); 2, poor (substantial blurring or substantial nonhomogeneity); 3, fair (moderate blurring or moderate homogeneity); 4, good (minor blurring or good homogeneity); and 5, very good (sharp or very good homogeneity). The criteria for the presence of artifacts were as follows: 1, uninterpretable (because of artifacts); 2, substantial artifacts; 3, moderate artifacts; 4, minor artifacts; and 5, no artifacts. Overall image quality characteristics were rated as follows: 1, uninterpretable (nondiagnostic); 2, poor (nondiagnostic); 3, fair (diagnostic); 4, good (diagnostic); and 5, very good (diagnostic). The ratings were further analyzed in a manner similar to the methods used in an ROC analysis, yielding visual grading characteristic-curves and AUC statistics [26] . All observer analyses and rating were performed electronically using View-DEX, open-source software that was developed for observer performance studies [27] .
The image quality parameters were formulated to capture the image quality challenges in MR renography. The image quality parameters were categorized into four groups: group 1, sharp and homogeneous reproduction of juxtarenal aorta and distal aorta in unenhanced and contrast-enhanced images (four parameters); group 2, sharp and homogeneous reproduction of renal cortex and medulla in the unenhanced volumes and the corticomedullary differentiation in the contrast-enhanced images (three parameters in total; sharpness was defined as the degree of blurring in the contours of the relevant structures, and homogeneity was defined as the degree of regular, even, or smooth distribution of intensity values within the relevant structure); group 3, the presence of artifacts such as inflow, motion, susceptibility, chemical shift, streaking, and in-folding (eight parameters; the severity of artifacts was rated with regard to their influence on image interpretation of renal structures); and group 4, overall image quality characteristics (four parameters, relating to the observers' general impression of image quality with respect to noise, renal contrast-enhancement dynamics, visualization of renal pelvis, and overall image quality).
Signal-to-Noise Ratio Measurements
Signal-to-noise ratio (SNR) measurements were performed using the difference method described by Dietrich et al. [28] on coregistered images. The SNR difference method removes the problem of inhomogeneous distribution of noise with parallel imaging and is also valid in dynamic imaging [29] . The SNR difference method is based on the assumption of a gaussian noise distribution (SD) within an ROI in the difference image when the ROI is positioned in tissue with a sufficiently high SNR [28] . This assumption appears 
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to be valid also for our view-sharing data. In this setting, the SNR was calculated with respect to aligned ROIs in the two input images as follows:
where, m sum is the mean value within the ROI of the pixelwise summed signal intensities in the input images, and S diff is the SD within the ROI of the signal difference between the two input images. SNR was calculated in both the unenhanced (baseline) and maximum contrast-enhanced (peak) renal cortex and aorta. Two baseline images were selected from the midcoronal organ plane, one after signal saturation and the other before the arrival of the contrast agent. ROIs were drawn in the renal cortex and in the aorta and were copied to their respective difference image and the summed image. The SD of the renal cortex ROI and aorta ROI from the difference images were used as image noise. The mean signal intensity in each ROI was correspondingly used as the image signal for baseline cortex and aorta. For the peak SNR calculations, the same ROIs and methods were applied to the two images at maximum enhancement in the renal cortex and aorta, respectively.
The delta ratio between the baseline SNR (SNR baseline ) and the peak SNR (SNR peak ) of the aorta and the renal cortex was further computed as follows: delta ratio = (SNR peak − SNR baseline ) / SNR baseline , as described by Michaely et al. [29] to compare the relative contrast enhancement between the two MR sequences.
Statistical Analyses
Statistical analyses were performed in SPSS (version 21, IBM), Excel (version 2010, Microsoft), and R software (version 3.0.3, The R Foundation for Statistical Computing). The intersequence correlation and differences in perfusion estimates were analyzed using Pearson correlation coefficient and paired-sample Student t tests, respectively. Scatterplot matrixes and Bland-Altman plots were generated to graphically visualize the variation and the agreement of the GFR values obtained using MR methods with clinical reference methods. To test for systematic differences in the GFR values between sequences, a paired Student t test was performed. To compare image quality, analyses were performed of the visual grading characteristics and the corresponding AUC statistics. SNR measurements were computed using NordicICE (version 2.3.13, NordicLabs).
Results

Quantitative Perfusion and Filtration Parameters
The sequence-specific (FLASH and KWIC) perfusion and filtration parameters-plasma flow, plasma volume, plasma mean transit time, tubular flow, and tubular mean transit timeare shown in Table 1 . The differences in measurements were not statistically significant between the FLASH and KWIC sequences using a paired-sample Student t test. Generally, the renal perfusion parameters estimated from the FLASH sequence were closer to the reference literature values [24] than those estimated from the KWIC sequence. Among the physiologic parameters obtained, only tubular flow correlated statistically significantly (σ = 0.7; p < 0.05) between sequences using a Pearson correlation coefficient. The total GFR values estimated from the FLASH and KWIC MRI sequences and from blood samples (i.e., iohexol GFR and estimated GFR) are shown in Table 2 . The mean differences between iohexol GFR and estimated GFR, FLASH GFR, and KWIC GFR were 2.0 (1%), 6.4 (6%), and 33.2 (−33%) mL/min/1.73 m 2 , respectively. The mean difference between FLASH GFR and KWIC GFR was 40 mL/ min/1.73 m 2 , which is statistically significant (p < 0.001) using a paired Student t test. We found substantially larger SD for FLASH GFR (SD, 29) and KWIC GFR (SD, 31) compared with both iohexol GFR (SD, 10.5) and estimated GFR (SD, 15.0), yielding a larger variation in GFR estimates using the MRI methods. The scatterplot matrix in Figure 2 graphically illustrates the pairwise relationship of GFR values. Comparing each of the four methods to each other, KWIC GFR showed the largest deviation from the reference standard iohexol GFR. The agreement of the different GFR estimates with the GFR of the reference standard-that is, (M GFR − iohexol GFR) versus (M GFR + iohexol GFR) / 2, where M GFR = estimated GFR, FLASH GFR, and KWIC GFR-is presented in the Bland-Altman plot in Figure 3 .
Image Quality Assessment
An illustration of the visual appearance of image quality in each of the two sequences is provided in Figure 4 . The visual grading characteristics analysis showed a small groupwise difference in the mean image quality scores, as shown in Table 3 . Despite this, difference indexes from visual grading characteristic (AUC) statistics showed a statistically significant higher overall presence of artifacts (group 3, eight criteria) in the KWIC sequence than in the FLASH sequence. Of the eight assessment criteria assessing artifacts, chemical shift at renal poles and at lateral and medial contours showed statistically significant (p < 0.005) differences favoring FLASH, with AUC values of 0.26 and 0.17, respectively. The presence of streaking artifacts and inflow artifacts in the aorta was more pronounced for KWIC than for the FLASH sequence, with AUC values of 0.36 and 0.30, respectively. Other artifact criteria, such as motion, susceptibility, and infolding, yielded similar scores for the two MRI sequences.
Fig. 2-Distribution of glomerular filtration rate (GFR) values derived from MR sequences: FLASH, k-space weighted image contrast (KWIC), iohexol clearance (iohexol GFR), and creatinine clearance (estimated GFR).
Scatterplot matrix compares one method to another for all combinations of four measurement methods in sample (n = 10). Blue lines denote linear least-squares regression line, with standard errors in shaded gray. Dotted black lines denote equality (i.e., complete agreement between two methods). Plots on diagonal depict smooth approximation of empirical probability density distribution of GFR values obtained using each of four methods. 
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The four observers rated (mean scores) the corticomedullary differentiation and overall image quality in the KWIC sequences slightly higher than in the FLASH sequences. These differences were not statistically significant, for groups or single criteria.
SNR measurements are presented in Table  4 . Overall, FLASH provided slightly better, but not statistically significant, mean SNR values than KWIC in both the baseline and enhanced (peak) aorta and cortex. Corresponding SDs were approximately doubled in the KWIC sequence compared with FLASH, except for baseline SNR in the cortex, where the SD was slightly lower for KWIC than for FLASH. A high level of fluctuating signal intensity in the aorta (AIF) in the KWIC sequence (i.e., higher signal intensity SD) is illustrated in Figure 1 by the irregular signal intensity and concentration time courses after the first pass.
Enhancement ratios measured by the delta ratio between baselines and peak SNR in the aorta and the cortex, respectively, showed small and not statistically significant differences between the two sequences. Enhancement ratios based on signal intensity values were also insignificant in the cortex, despite the statistically significantly higher delta ratio value of 1.40 (76.3 ± 6 vs 182.5 ± 18.0 AU) in the FLASH sequence, compared with 0.99 (126.1 ± 16.8 vs 250.0 ± 40 AU) in the KWIC sequence.
Discussion
In this study, we used a comprehensive framework for the assessment of perfusion and GFR measurement in the human kidney with DCE-MRI. Our results showed consistent intrasubject variation in perfusion and GFR estimates between the FLASH and KWIC sequences. Using iohexol GFR as the reference standard and estimated GFR as a reference for MRI-derived GFR values, KWIC underestimated and produced highly diverging values compared with the FLASH sequence. The inaccuracies in functional renal estimates derived from the KWIC sequence appeared to correspond to the assessed lower level of image quality characteristics of the sequence. To our knowledge, intrasubject agreement in perfusion and GFR estimates between different acquisition techniques compared with a reference standard method has not been studied before.
Whole-organ coverage (i.e., 3D imaging) is essential for DCE-MRI-based estimation of kidney GFR, as well as spatial and contrast resolution that can distinguish between the cortex and the medulla. With regard to temporal resolution, Michaely et al. [30] suggest measurements every 4 seconds, with a total acquisition time of 4 minutes, to obtain a reliable measurement of both the kidney perfusion and filtration parameters. However, accurate determination of rapidly changing signal intensities, such as the first-pass peak of the arterial input function, might require faster sampling [31] . With our injection protocol, the full width at half maximum of the firstpass peak is approximately 5-10 seconds. A temporal resolution of 3 seconds or better per volume would allow the determination of the maximum signal intensity of the first-pass peak. These requirements rule out all available 2D techniques. The 3D FLASH sequence has been shown [32, 33] to meet these criteria, while yielding image quality that is sufficient to calculate perfusion and filtration parameters. Variations of the 3D FLASH sequence to obtain better temporal resolution usually involve techniques such as parallel imaging or view-sharing techniques. Time-resolved imaging with stochastic trajectories [32, 33] has been proposed for renal imaging [7] . However, organ movement tends to invalidate the peripheral k-space until the full k-space has been resampled. Frequent and unpredictable kidney movements therefore make the timeresolved imaging with stochastic trajectories sequence difficult to implement. Although both time-resolved imaging with stochastic trajectories and KWIC are view-sharing techniques, the radial sampling of KWIC is expected to be more motion resistant.
The k-space sampling technique of KWIC produces images with frequent updating of the central k-space and undersampling of the peripheral k-space [9] . Thus, there is a tradeoff between sufficient temporal resolution, high SNR, and suppression of streaking artifacts, and the number of projection views to be shared in the peripheral k-spaces [9, 11, 34] . In our study, the number of projection views in the KWIC sequence was optimized to 148, producing temporal and spatial resolutions comparable to those of the FLASH sequence. The temporal resolutions obtained for FLASH and KWIC were 2.8 and 2.5 seconds, respectively. The KWIC sequence has previously been studied for DCE perfusion imaging using 256 projection views at a temporal resolution of 4.1 seconds and has been compared with a conventional sampled SPGR sequence [9] . Although Kim et al. [9] used a higher number of projection views, their qualitative image analyses indicated lower ratings for most image quality characteristics and no differences in SNR, which is consistent with the results of our study. Moreover, Song et al. [7] emphasize the risk of distorting enhancement curves as a result of undersampling peripheral kspace regions, especially during first-pass perfusion, when the signal intensity rapidly changes. However, the effect of the reduced enhancement ratios in the KWIC sequence on the estimation of GFR and perfusion parameters has not been investigated further.
The qualitative ratings of image quality in our study emphasized in particular the differences between KWIC and FLASH in terms of image degradation resulting from artifacts, including chemical shift at renal poles and lateral and medial contours, and streaking artifacts.
Chemical shift artifacts might be attributed to the TE selection in KWIC (1.61 ms) producing a higher proportion of fat and water out of phase compared with TE in FLASH (0.87 ms). Consequently, the corresponding cancelled signals from voxels around kidney contours could probably reduce the proportion of cortex within the whole-kidney mask. In our study, the automatically segmented kidney masks from the KWIC sequence were found to be statistically significantly smaller (mean, 269 ± 78 mL) than kidney masks derived from the FLASH sequence (mean, 341 ± 62 mL). Because of technical constraints, the KWIC sequence did not allow parallel imaging as used for the FLASH sequence. A study combining KWIC with parallel imaging has recently been published [35] , enabling shorter TEs that probably reduce impairment from chemical shift.
In general, the lack of a reference standard method makes the validation of perfusion parameters difficult. In our study, FLASH-derived perfusion parameters showed slightly higher agreement with reference literature values than the KWIC-derived parameters (Table 1) . Although both sequences apparently yielded plausible perfusion values, the only parameter showing a high degree of agreement between FLASH and KWIC was the tubular flow. In the two-compartment model that was used, tubular flow is the filtration unit expressing GFR when multiplied by the renal volume ROI [24] . The tubular flow agreement in FLASH and KWIC before applying the volume factor could indicate that the GFR discrepancy between FLASH and KWIC is caused by segmentation differences due to different signal and contrast properties.
According to Sourbron et al. [24] , measurements of GFR from the whole-kidney mask produce less-accurate GFR estimates than using the cortical region alone because glomerular filtration is a cortical process. With regard to blood perfusion, estimates derived from a whole-kidney ROI will reflect the combination of perfusion rates in the cortex and medulla. In normal kidneys, the cortex is perfused (blood flow) at approximately 400-500 mL/ min/100 g, whereas the medulla is less per-
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fused (≈ 100-150 mL/min/100 g) [4] . With the use of whole-kidney masks, a general underestimation (lower average) of both GFR and perfusion parameters could therefore be expected.
Methodologic imprecision in reference standard measurements, as well as biologic variation, must be taken into consideration when repeated measurements of GFR are compared. In healthy subjects, the total variation in repeated measurements of iohexol clearance is about 11%, which is mainly accounted for by biologic variation [16] . In our study, the discrepancy in KWIC GFR estimates compared with the zero-bias line of iohexol GFR was, at maximum, about 70 mL/min/1.73 m 2 (≈ 75%) (see Table 1 and the Bland-Altman plot in Fig. 3) . The discrepancy seemed to be higher for lower GFR values (> 102 mL/min/1.73 m 2 ). For the two subjects with iohexol GFR values greater than 110 mL/min/1.73 m 2 , the agreement with KWIC GFR was high (> 5 mL/min/1.73 m 2 ). However, the wide fluctuation and bimodal distribution of KWIC GFR could also be due to the small sample size. Both estimated GFR and FLASH GFR were more evenly distributed around the bias line (iohexol GFR) close to zero and across the range of GFR values (Fig.  3) . Despite the small sample size, this finding suggests higher stability and robustness in GFR estimations from the FLASH sequence compared with the KWIC sequence. However, FLASH GFR showed a slightly higher bias than estimated GFR (Fig. 3) .
Although qualitative image characteristics other than artifacts showed no significant differences, reproduction of corticomedullary differentiation (unenhanced) and overall image quality produced AUC values in favor of the KWIC sequence (Table 3 ). The better appearance (i.e., higher observer ratings of the corticomedullary differentiation in KWIC) might indicate that full-sampled core k-space sampling yields good visual image contrast, unaffected by the strong undersampled shared peripheral k-space. On the other hand, the visually observed favorable corticomedullary differentiation in KWIC did not correspond to the signal intensity enhancement ratios (delta ratio) found in the cortex for KWIC. These findings might reflect that the visual appearance and image quality characteristics of KWIC are comparable to that of the FLASH sequence, except for the chemical shift and streaking artifact being more pronounced in KWIC.
The signal intensity characteristics and observed voxel time courses in DCE-MRI are the result of a complex interplay between extrinsic factors and intrinsic phenomena and are partly under experimental control (e.g., regarding flip angle, TR, gadolinium dose, and injection rate). In our experiments, both the gadolinium dose and injection rate were identical for all subjects, reflecting no differences between sequences. The flip angle selection for both FLASH and KWIC was low, at 12° and 10°, respectively. Flip angles are usually selected to maximize SNR and the contrast between enhanced and unenhanced kidney tissue, which favors lower flip angles. Bokacheva et al. [36] described a 2.3 times higher contrast ratio between enhanced and unenhanced cortical signals when using 12° versus 40° for the GRE sequence with a TR of 3 ms.
The TRs for the two sequences differed slightly, at 2.41 ms and 3.51 ms for the FLASH and KWIC sequences, respectively. Differences in TRs have previously been shown to affect signal enhancement, with lower TRs producing greater enhancement than higher TRs [37] . It is not evident to what extent the small variation in TR between FLASH and KWIC sequences would influence the enhancement ratio.
Overall, the SNR measurements did not show statistically significant differences between the sequences. However, the mean level of enhancement between the baseline signal intensity and peak signal intensity (delta ratio) in the cortex was statistically significantly lower for KWIC (delta ratio = 0.99) than for FLASH (delta ratio = 1.40).
The measurement of the signal evolution in arterial blood, providing arterial input in the pharmacokinetic models, is one of the great challenges in quantitative functional imaging [36] . Several phenomena may impair the MR signal intensity in the arteries, such as inflow effect, dephasing, partial-volume effect, and flow pulsation [4] . These effects are often visually perceptible in the appearance of signal enhancement of blood [38] . Moreover, the specific placement of the ROI defining the aortic input function has been shown to significantly influence the estimated renal perfusion and GFR values [39] . In our study, subjective evaluation of inflow artifacts (in distal aorta at the location of AIF) produced high scores for both sequences, with KWIC being slightly more impaired than FLASH (AUC, 0.36). These inflow artifacts, which were mainly observed in KWIC, might contribute to the variability and instability of the model-based estimation of functional parameters.
In summary, we have provided a framework for comprehensive assessment of renal 3D DCE-MRI that includes both image quality and quantitative estimation of functional kidney parameters, such as GFR. In our comparative experiments, the FLASH sequence seemed to have slightly better image quality properties and provide more accurate functional estimates (i.e., GFR) than KWIC.
